In a controlled study, such immunological parameters as whole blood production of the cytokines interleukin-6 (IL-6) and tumor-necrosis factor-␣ (TNF-␣
Increasing data demonstrate changes of immune parameters in different psychiatric illnesses, including major depressive disorder (MDD) (for review see: Maes 1995; Müller and Ackenheil 1998) . Alterations include increased concentrations of a number of cytokines, such as interleukin-6 (IL-6), interleukin-1 ␤ (IL-1 ␤ ), and interferon-␥ (INF-␥ ). Moreover, changes in the concentrations of some of the respective receptors, such as the IL-2 and the IL-6 receptor (Maes et al. 1991; Maes et al. 1993; Maes 1995) have been detected. Other results indicate numerical (Maes et al. 1992; Ravindran et al. 1998; Seidel et al. 1996) and functional alterations of cellular immune parameters, such as neutrophil and monocyte phagocytosis (McAdams 1993) . These data point to cellular aberrations as a possible cause of the secretory changes in the cytokine and other systems, such as parameters of the acute phase response.
IL-6 has been examined under several experimental conditions in depressed patients. The majority of the results showed an increase in the blood levels of this cytokine in these patients (Berk et al. 1997; Frommberger et al. 1997; Maes et al. 1994; Maes et al. 1995a; Maes et al. 1995b; Maes et al. 1997; Seidel et al. 1995; Sluzewska et al. 1996) . Despite the important effects of the cytokine TNF-␣ on behavioral, endocrine, and immune parame-ters in the rat , the database on this cytokine in depressed patients is poor. To our knowledge, only one study examined the levels of TNF-␣ in elderly women with chronic MDD and found no alterations of this cytokine (Brambilla and Maggioni 1998) . In addition to these cytokines, other immune parameters, including ␣ 1-glycoprotein (AGP), have been investigated with regard to psychopathological improvement and antidepressive treatment (Frommberger et al. 1997; Maes et al. 1995b; McAdams 1993; Seidel et al.1996; Sluzewska et al. 1995b; Sluzewska et al. 1996; Weizman et al. 1994) . The association of some of these factors (IL-6, soluble IL-6 receptor, AGP, IL-1 receptor antagonist, IL-1 ␤ ) with the depressive symptomatology points to their possible state marker character as suggested by Maes et al. (1995a) and . These results also show an immune activation during the acute stage of the disease. Other studies suggest that the severity of the disease and, hence, the exactness of the psychopathological assessment are important factors that may affect the subsequent examination of immunological functions (Brambilla and Maggioni 1998; Maes et al. 1995b; Weizman et al. 1994) .
In the present controlled study, we examined immunological parameters, including the cytokines IL-6 and TNF-␣ , in the blood of depressed inpatients with regard to the treatment response. The main hypothesis was that the immunological status in MDD is related to the psychopathological course of the disease. For treatment, amitriptyline was used because of its variety of effects on multiple neurotransmitter systems. After a 6-week treatment period, patients were classified as responders or nonresponders, and their immunological and psychopathological parameters were then compared with the data obtained at admission and with those of age-matched normal controls.
METHODS

Characterization of Patients and Controls
Depressed patients, consecutively admitted for inpatient treatment, were screened for fulfilling the DSM-IV diagnostic criteria (American Psychiatric Association 1994) for "major depressive disorder, single episode" (296.2) or "major depressive disorder, recurrent" (296.3). The clinical diagnosis was confirmed by the Structured Clinical Interview for DSM-IV (SCID, German Version; Wittchen et al. 1995) . Patients had to be free of antidepressive medication for at least 6 weeks or of neuroleptics for at least 6 months before hospital admission. Moreover, serum and urine screens for antidepressants and substances typical of drug abuse had to be negative. Further exclusion criteria were any additional axis I or axis II DSM-IV diagnosis, pregnancy, acute or chronic infectious, autoimmune, allergic, neoplastic, or endocrine diseases and other acute physical diseases, including surgery or infarction of the heart or brain within the last 3 months. These illnesses were ruled out by clinical interview, physical examination, and comprehensive laboratory work-up focusing on parameters indicative of inflammation.
Age-and sex-matched healthy volunteers with no lifetime or current diagnosis of any psychiatric disorder served as control subjects and underwent the same diagnostic procedures as the depressed patients to rule out any of the above-mentioned exclusion criteria.
In the depressed patients, the psychopathology was quantified by the HAMD (Hamilton Depression Rating Scale; 21-item version) (Hamilton 1960 ) and the MADRS (Montgomery-Asberg Depression Rating Scale) (Montgomery and Asberg 1979) at admission and after 2, 3, 4, 5, and 6 weeks of inpatient treatment. Although the scores of the HAMD scale are known to correlate significantly with those of the MADRS, we decided to use both scales, because the HAMD more extensively covers somatic and psychomotor symptoms than the MADRS, which in turn, is alleged to be particularly sensitive when measuring treatment effects. Clinical and laboratory data were anonymous, and all ratings were performed by a single experienced psychiatrist who was blind to the immunological results. Amitriptyline was used as antidepressant throughout the study and increased in steps of 25 mg at every second day, until efficient individual dosages between 150 and 250 mg/day were reached according to clinical judgment. Plasma levels were measured after the final dosage was given for several days. As concomitant medication, treatment with lorazepam (1-5 mg/day) was allowed for the first 2-3 weeks of treatment. Longstanding medication for such mild chronic diseases (see also exclusion criteria) as heart disease was continued as long as it did not interfere with immune processes. Immunological parameters were assessed before treatment and at the end of the study. The endpoints were set either at a minimum of 50% reduction of the initial HAMD-and MADRS-scores lasting at least for a 1-week period (clinical remission ϭ responder) or after 6 weeks with a reduction below 50% (not sufficiently remitted ϭ nonresponder).
Overall, 35 inpatients entered the study. Of these, 11 dropped out for various reasons, including new signs of acute physical disease (3), substance abuse (3), histrionic personality disorder (2), and dismissal for other reasons (3) before remission or before the prospected time period of 6 weeks was over. Twenty-four patients completed the study and were matched with 15 controls. The study protocol was approved by the ethics committee of the Philipps-University of Marburg and written informed consent was obtained from all participants.
Immunological Parameters
Standard immunological parameters (erythrocyte sedimentation rate, c-reactive protein [CRP] , differential blood cell counts) were determined according to routine methods. Differential blood cell counts of lymphocytes and monocytes (taken together as peripheral mononuclear cells [PMNCs] ) were evaluated microscopically after Giemsa stain and expressed as percentages of white blood cell counts determined automatically (Cell Dyn 1700; Abott, Frankfurt, Germany). All cell numbers were expressed as cells/ l blood.
For detection of cytokines, adapted commercially available tests (Biosource, Ratingen, Germany) for the determination of whole blood-derived IL-6 and TNF-␣ were employed (DeGroote et al. 1993) . Whole blood was used to exclude a possible interference with external factors, such as purification procedures or artificial stimulation. Briefly, out of 5 ml blood, collected into pyrogen-free heparinized syringes at 8.00 AM , 25 l of whole blood were added to 200 l of Roswell Park Memorial Institute (RPMI) medium (Biosource) in antibody-coated microtiter-wells. Supplied standards were used for the standard curve. Plates were incubated for 24 h (IL-6) or 3 h (TNF-␣ ) at 37 Њ C, washed eight times, and incubated with 150 l (IL-6) or 200 l (TNF-␣ ) of secondary antibody solution (for IL-6: with a desensitizer solution). Detection was achieved with horseradish-peroxidase, 100 l chromogen solution (tetramethylbenzidine) and determination of the optical density (OD) at 450 nm in a microplate reader (Dynex, Nürtin-gen, Germany). Concentrations in the samples were calculated from a linear reference curve derived from the provided standards and expressed as pg cytokine/ml blood volume. Intra-assay coefficients of variance (CV) with the blood samples were determined to be less than 10% for both cytokines and different concentrations within the range of the standard curve, except for the 250 pg/ml concentration of IL-6 (11.2%). Interassay CV were less than 9% for IL-6, and less than 8% for TNF-␣ .
Data Analysis
Immunological parameters were assessed once for the controls and twice for the patients as pre-and posttreatment values. Patients were divided into responders and nonresponders according to the psychopathological criteria described above, and data were compared among the three groups.
The production of cytokines was expressed as cytokines released per 10 5 PMNCs, if not mentioned otherwise. Further evaluation of immunological data included the calculation of ratios between the numbers of the different blood cells. Finally, data were additionally analyzed for correlations between the amounts of lymphocytes and monocytes, cytokine production, and the treatment response.
Because most data were not strictly normally distributed and some groups had unequal variances, nonparametric tests were used for the evaluation of most results: the Kruskal-Wallis analysis of variance (ANOVA) on ranks for comparisons between patient subgroups and controls and the Mann-Whitney test for comparisons between patients and controls. For post hoc comparisons, Dunn's test was applied. The Wilcoxon matchedpairs test was used for the analysis of differences within a patient subgroup between two time points. Correlation testing between continuous variables was performed by the Pearson coefficient for linear regression. The Spearman correlation analysis on ranks was used if the regression was nonlinear. To estimate which continuous variables (immunological parameters) had the highest predictive value for the reduction of psychopathometric scores in the patients, stepwise multiple regression analysis was carried out. The ␣ -level for significance was set at 0.05 in all tests. For all analyses, STATISTICA 5.0 (StatSoft, OK) was used as statistical software.
RESULTS
Clinical Data
The demographic and psychometric data of the subjects participating in the study are shown in Table 1A . HAMD-and MADRS-scores did not differ between patients who completed the study and those who dropped out, which makes an interfering bias because of exclusion from the study unlikely (Table 1A) . Under the treatment condition, the HAMD (MADRS) scores decreased from 27.9 Ϯ 3.7 (29.2 Ϯ 3.1) to 7.8 Ϯ 4.0 (9.1 Ϯ 4.1) in the responders ( n ϭ 14) and from 27.5 Ϯ 5.0 (31.3 Ϯ 5.5) to 18.9 Ϯ 5.0 (23.2 Ϯ 5.4) in the nonresponders ( n ϭ 10). The pretreatment scores of the responders did not differ from those of the nonresponders (HAMD: MannWhitney test, p ϭ .62, NS; MADRS: Mann-Whitney test, p ϭ .43, NS) (Table 1B) . Neither the number of previous depressive episodes (Mann-Whitney test, p ϭ .73, NS) nor the duration of the current episode (Mann-Whitney test, p ϭ .64, NS) affected the clinical outcome. Final plasma levels of the antidepressant were slightly, but not significantly, lower in responders (369 Ϯ 112 g/l) than in nonresponders (408 Ϯ 133 g/l) (Mann-Whitney test, p ϭ .59, NS).
Immunological Data
The standard immunological parameters of lymphocyte and monocyte cell numbers showed no differences between controls and patient subgroups (for lymphocytes: ANOVA; p ϭ .24, H ϭ 2.89; df ϭ 2) (for monocytes: ANOVA; p ϭ .07, H ϭ 5.43; df ϭ 2) (Table 2A) . At admission, absolute monocyte counts were increased in the responder subgroup, although not to a significant extent, and normalized after therapy (Table 2A) . The ratio of lymphocytes/monocytes before treatment was significantly lower in responders than in controls (ANOVA; p Ͻ .05, H ϭ 6.27; df ϭ 2) (Dunn's test; p Ͻ .05) and higher in nonresponders, although not to a significant extent. In both groups of patients, values nearly normalized after treatment (Table 2B) . Levels of c-reactive protein (CRP) were significantly increased in patients at admission (ANOVA; p Ͻ .001; H ϭ 15.21; df ϭ 2) and decreased in both responders and nonresponders during treatment (Wilcoxon tests: p Ͻ .05) without significant differences between the two groups (Table 2C ). The erythrocyte sedimentation rate (ESR) did not show any differences among controls, responders, and nonresponders (ANOVA; p ϭ .15, H ϭ 6.27; df ϭ 2) ( Table 2C) .
The correlation of cell numbers with the reduction of psychopathometric scores revealed a weak, not yet significant positive correlation only for monocytes (Pearson correlation coefficient; r ϭ 0.30; p ϭ .07); whereas, the pretreatment ratio of lymphocytes/monocytes significantly correlated negatively with the reduced posttreatment scores in psychopathology (Pearson correlation coefficient; r ϭ -0.43; p Ͻ .01) ( Table 3 B) .
There was no statistical difference in the production of IL-6 between patients and controls, although patients had slightly higher values at admission (Mann-Whitney test; p ϭ .95, NS) ( Figure 1A ). After dividing patients into responders and nonresponders, statistical analysis revealed significant differences between the groups (ANOVA; p Ͻ .0001; H ϭ 16.9; df ϭ 2). Patients with subsequent remission showed significantly lower IL-6 values at admission than controls (Dunn's test; p Ͻ .05) or patients without remission (Dunn's test; p Ͻ .05) ( Figure 1B) . Nonremitting patients produced significantly higher IL-6 levels as compared to the controls (Dunn's test; p Ͻ .05) and to responders before treatment (Dunn's test; p Ͻ .05). Regardless of the clinical outcome, IL-6 secretion returned to control levels after treatment in the responder (Wilcoxon test; p Ͻ .01) and in the nonresponder subgroup, respectively (Wilcoxon test; p Ͻ .05) ( Figure 1B ). In nonresponders, there was a significant positive hyperbolic correlation between monocyte numbers and IL-6 production at admission (Spearman Rank correlation coefficient; r S ϭ 0.88; p Ͻ .01) (Table 3A, Figure 2) . A significant negative correlation was found between the degree of clinical improvement and the pretreatment levels of unstimulated IL-6 at admission (Pearson correlation coefficient; r ϭ -0.62; p Ͻ .01) (Table 3B ). In contrast to the responders, higher degrees of clinical severity of MDD, as quantified by the MADRS score, at admission were negatively correlated with pretreatment levels of IL-6 in nonresponders (Pearson correlation coefficient; r ϭ -0.68; p Ͻ .05) ( Figure 3A) .
Regarding TNF-␣, both responders and nonresponders showed significantly higher levels of TNF-␣ production at admission than controls (ANOVA; p Ͻ .01; H ϭ 9.73, df ϭ 2) (Dunn's test; p Ͻ .05) ( Figures  4A,B) . After treatment, the cytokine levels of patients returned to control values (Wilcoxon test; p Ͻ .01) (Figure 4A) . However, the decrease reached significance only for the responder subgroup (Wilcoxon test; p Ͻ .05) ( Figure 4B ). In contrast to the data on IL-6, there was no relation between TNF-␣ levels and monocyte numbers (Table 2A , Figure 2B ). No significance of correlation was detected between TNF-␣ and the degree of clinical severity of MDD (MADRS score) before treatment ( Figure 3B ). No effect of the following other variables on the unstimulated secretion of IL-6 or TNF-␣ could be found: weight loss, number of depressive episodes, duration of the current episode, and the concentrations of tricyclic antidepressants (data not shown). In addition, we were unable either to detect significant effects of single symptoms of MDD, such as diurnal variation, anxiety, or psychotic features on the production of IL-6 or TNF-␣, or to perform a statistical analysis because of the necessity of a larger sample size. On the other hand, insomnia was present in 22 out of 24 patients, not allowing for a reasonable statistical analysis of this factor.
Assessment of Predictive Variables
To evaluate which of the immunological parameters contributed most to the treatment response as measured by the reduction in psychopathometric scores (predicted variable), a stepwise multiple regression analysis was done. The intercorrelation analysis excluded a relationship among the standard immunological parameters, the amounts of cytokines, and ratios of lymphocyte/monocyte cell numbers. However, further PMNCs and the ratio of lymphocyte/monocyte cell numbers were independent variables with predictive values for the psychopathological response (Table 3C ; whereas, the levels of TNF-␣ and the absolute numbers of mononuclear cell types did not contribute to the clinical outcome in major depressive illness (data not shown).
DISCUSSION
In a controlled study, we examined different immune parameters, including the cytokines IL-6 and TNF-␣, in patients with major depressive disorder with regard to the treatment response. Our results show that IL-6 levels at admission dichotomized patients into subsequent responders and nonresponders; whereas, the unstimulated secretion of TNF-␣ was uniformly elevated in both patient subgroups at admission and declined according to the psychopathological improvement. After treatment, IL-6 levels were uniformly normalized, regardless of the clinical outcome. We could state that, in our sample, the production of IL-6 seemed to be a predictive marker for the treatment response; whereas, the changes in TNF-␣ levels paralleled the clinical course. Interestingly, levels of IL-6 showed a high correlation with monocyte counts only in nonresponders, probably indirect evidence that monocytes may be the main source of IL-6 in this subgroup. Several groups have investigated the interactions between the clinical course of MDD, treatment conditions, and immunological parameters (Frommberger et al. 1997; Maes et al. 1997; McAdams 1993; Seidel et al. 1996; Sluzewska et al. 1995a Sluzewska et al. , 1996 . The different scientific and methodological approaches, such as the type of the quantification of the psychopathological response or the effects of psychopharmacological treatments on the immune parameters, led to a variety of results, which, at the moment, are not completely conclusive in regard to the clinical course of the disease. Despite this, the majority of studies suggest that an activation of immunological parameters may, indeed, be relevant for the outcome of depressive illness. To minimize the interfering factors and to analyze the cytokine levels under conditions without major artificial influences, we used a modified whole blood approach with the assessment of the cumulative amounts of cytokines released during the incubation time of the assay. This procedure enables the quantification of cytokine production under conditions fairly similar to the in vivo situation without purification steps or artificial stimulation. Previous studies have shown that this method also correlates with plasma levels of cytokines under physiological conditions (DeGroote et al. 1993) .
Regarding the production of the cytokine IL-6 under our conditions, the pre-and post-treatment values of the total group of our patients did not differ from those of the control subjects. However, if looking retrospectively at patient subgroups according to their clinical outcome, responders produced significantly less and nonresponders significantly more IL-6 at admission than controls. In both groups, the normalization of IL-6 levels occurred under the treatment condition, regardless of the clinical outcome. Interestingly, higher levels of IL-6 at admission were closely correlated with a subsequent insufficient psychopathological treatment response and yielded a predictive variable in multiple regression analysis. In accordance with other results (Frommberger et al. 1997; Maes et al. 1997; Sluzewska et al. 1995a) , these data underscore the relevance of IL-6 and its soluble receptor (sIL-6R) for the treatment response. Increased pretreatment production of IL-6 in subsequent nonresponders coincides well with the results of Sluzewska et al. (1995a) and Maes et al. (1997) , who found elevated plasma levels in patients refractory to antidepressive treatment. On the other hand, our post-treatment finding of a uniform normalization of IL-6 in both patient subgroups after treatment differs from the findings of Maes et al. (1995a; , who did not observe changes of this cytokine after remission. The reasons for this difference are not yet clear; for example, variations in the patient samples, study methodology, and treatment modalities may account for our differing results in this respect.
Pretreatment levels of TNF-␣ were not correlated with psychopathological improvement and, therefore, without predictive value, because the initial levels were increased in both patient subgroups in comparison to the healthy controls. For the first time, these data support an increase in the production of TNF-␣ in an acute state of depression, which was related to the time of hospital admission. A variety of factors, such as IL-1␤ and interferon-␥ are able to induce the production of TNF-␣. Interestingly, a secretion of TNF-␣ is even de- tectable in humans under conditions of subclinical stimulation with low amounts of bacteria-derived lipopolysaccharide (Vedder et al. 1999) , pointing to the possible relevance of this type of infection for the induction of TNF-␣ in MDD. Such subclinical infections may then result in increased production of this cytokine contributing to clinical symptomatology in MDD. We could further speculate that changes in the cytokines, such as those shown by our study for TNF-␣ and IL-6, may then affect neurotransmitter systems in the CNS, leading to psychopathological changes and subsequently affecting the treatment response in MDD. The decrease of TNF-␣ levels under treatment in the responder subgroup favors the hypothesis of an effective down-regulation of TNF-␣ by tricyclic antidepressants, which may clinically confirm in vitro results of the cytokine-modulating effects of antidepressants in human mononuclear cells (Xia et al. 1996) .
In our patients, IL-6 levels below normal values at admission apparently heralded a treatment response; whereas, increased levels were associated with a less favorable outcome. Therefore, we can speculate that the up-regulated secretion dynamics might be related to only "hesitant" remission or even treatment-refractory types of MDD. Alternatively, the remitting subgroup with the low IL-6 production might have already passed a state of increased secretion; whereas, the nonresponding group would still be in the "early" state of immunological activation. This assumption is also supported by the significantly elevated production of the cytokine TNF-␣ in both patient subgroups at admission, with only the subgroup of responders returning to control levels. Although not significant, nonresponders still showed an increased production of TNF-␣ after the 6-week period, pointing to a possible persistence of the immune activation.
Regarding the treatment response under our condi- tions, the ratio of lymphocyte/monocyte counts proved to be the only variable, besides IL-6, which independently contributed to the prediction of the outcome when introduced into the multiple regression model. Interestingly, mononuclear cell counts, apart from a trend to increased pretreatment values in the responders, contributed little to the prediction of the clinical outcome under our conditions. Results from the groups of Maes et al. (1992; and Seidel et al. (1996) show an increased number of monocytes and possibly also alterations of monocyte functions in the course of MDD. Taken together, these data point to the importance of both functional and numerical changes of the immune system in MDD.
In conclusion, we show here that, in patients with an MDD, the treatment response to an antidepressant is related to a differential pattern of immune activation including production of the cytokines IL-6 and TNF-␣. Our results enforce the view that immune processes may be significantly involved in the treatment response in affective disorder. Moreover, the unstimulated production of IL-6 in mononuclear cells at admission might even enable the prospective description of the type of the psychopathological response after a treatment interval of several weeks. Whether the results, which we have obtained under a medication with amitriptyline, are also transferable to treatment conditions with other classes of antidepressants, such as the selective serotonine reuptake inhibitors, must be shown in future studies.
